
































Central	 to	 this	debate	 is	 the	recent	proposal	 that	 impurity-induced	Friedel	oscillations,	akin	 to	
quasiparticle	 interference	signals	observed	with	the	scanning	tunneling	microscope	(STM),	can	
lead	to	scattering	peaks	in	the	RXS	experiments.	The	possibility	that	quasiparticle	properties	can	
be	probed	 in	RXS	measurements	 opens	up	a	new	avenue	 to	 study	 the	bulk	 band	 structure	of	
materials	with	the	orbital	and	element	selectivity	provided	by	RXS.	Here,	we	test	these	ideas	by	
combining	RXS	and	STM	measurements	of	the	heavy	fermion	compound	CeMIn5	(M	=	Co,	Rh).	
Temperature	 and	 doping	 dependent	 RXS	 measurements	 at	 the	 Ce-M4	 edge	 show	 a	 broad	
scattering	enhancement	that	correlates	with	the	appearance	of	heavy	f-electron	bands	in	these	









cuprates,	 and	 pnictides,	 requires	 precise	 knowledge	 of	 their	 low	 energy	 excitations.	 Angle	
resolved	 photoemission	 spectroscopy	 (ARPES)	 and	 spectroscopic	 imaging	 with	 the	 scanning	
tunneling	microscope	(SI-STM)	have	provided	a	great	deal	of	information	on	the	nature	of	such	




(21),	and	subsequently	by	Dalla	Torre	et	al.	 (22),	proposed	the	extension	of	 this	 technique	to	
probe	band	structure	effects,	in	resemblance	to	the	quasiparticle	interference	signal	measured	
using	SI-STM.	Remarkably,	 these	 theoretical	 studies	demonstrate	a	 simple	and	direct	 relation	
between	the	RXS	intensity	and	SI-STM.	Although	this	relation	can	be	used	to	re-interpret	(22)	RXS	
measurements	of	 charge	order	 in	 the	high-temperature	 superconducting	cuprates	 (5-20),	 the	
equivalence	 between	 RXS	 and	 SI-STM	 is	 expected	 to	 hold	 more	 generally.	 Moreover,	 the	
element-specific	sensitivity	to	the	bulk	electronic	structure	gives	RXS	a	fundamental	advantage	
over	 the	 surface	 sensitive	 STM	 and	ARPES	 probes.	 To	 test	 these	 hypotheses,	we	 carried	 out	
complementary	 RXS	 and	 STM	 studies	 to	 assess	 the	 impact	 and	 significance	 of	 quasiparticle	
interference	to	RXS	experiments.		
In	 this	work,	we	 investigate	 these	proposed	 ideas	on	an	archetypical	correlated	heavy	
fermion	 system	and	 further	our	understanding	of	 heavy	quasiparticle	 formation	 through	RXS	
measurements.	Unconventional	superconductivity	and	quantum	criticality	in	f-electron	materials	
develop	as	a	consequence	of	heavy	quasiparticle	excitations	emerging	through	the	hybridization	
of	 f-orbitals	with	 conduction	 electrons	 (23-29).	 Understanding	 these	 remarkable	 phenomena	
requires	probing	the	energy-momentum	structure	of	the	emergent	narrow	heavy	bands	near	the	
Fermi	 energy	 (EF)	 with	 high	 precision.	 The	 CeMIn5	 (M	 =	 Co,	 Rh)	 family	 of	 heavy	 fermion	
compounds	(30-31)	is	an	ideal	system	for	this	task,	as	STM	measurements	can	be	carried	out	on	






above	 T*,	 allowing	 temperature	 to	 be	 used	 as	 a	 control	 parameter.	 Alternatively,	 isovalent	
substitution	of	the	transition	metal	site	M	between	Rh	and	Co	controls	the	hybridization	strength	
and	consequently	the	large	density	of	f-electron	states	near	EF	(27).	Finally,	the	ground	state	of	







Our	 earlier	 STM	 studies	 (32-33)	 showed	 that	 the	 cleaved	 (001)-oriented	 surfaces	 of	
CeCoIn5	expose	 three	different	 chemical	 terminations:	 surfaces	A,	B	and	C.	 In	 these	previous	
works,	we	demonstrated	the	surface-dependent	sensitivity	to	the	heavy	fermion	excitations:	on	
surface	 A	 the	 light	 quasiparticles	were	 detected,	while	 surface	 B	 predominantly	 showed	 the	
heavy	 quasiparticles	 of	 the	 hybridized	 band	 structure.	 Here,	 we	 carried	 out	 spectroscopic	
measurements	in	the	normal	state	(T	=	10	K)	on	surface	B	of	CeCo(In1-xCdx)5	to	study	the	heavy	f-
quasiparticle	 interference	and	compare	 it	with	the	4f	 sensitive	RXS	data.	 	Previously	 (32),	 the	









interference	 is	 unaffected	 by	 the	 underlying	 ground	 state	 at	 this	 temperature.	 Overall,	 the	
dispersive	nature	of	the	modulations	in	the	STM	conductance	maps,	with	the	absence	of	non-










































ordering.	 In	 this	 context	 it	 must	 be	 noted	 that	 CeCo(In1-xCdx)5	 is	 located	 close	 to	 an	
antiferromagnetic	 (AFM)	 quantum	 critical	 point	 (35-36),	 with	 Cd	 doping	 driving	 the	 system	
towards	the	AFM	ground	state	(TN	~	3	K	at	x	=	0.10).	Hence,	even	though	all	our	measurements	
were	performed	 in	 the	absence	of	 static	order,	 it	would	be	conceivable	 that	at	10	K	our	RXS	
measurements,	which	are	energy	integrated	and	therefore	also	sensitive	to	inelastic	processes,	
could	be	picking	up	fluctuations	of	an	ordered	state.	However,	this	possibility	is	repudiated	by	
the	 insensitivity	 of	 the	 RXS	 scattering	 enhancement	 to	 Cd	 doping	 (Fig.	 3C),	 demanding	 an	
alternative	explanation.	




and	 its	 saturation	 above.	 Identical	 measurements	 carried	 out	 on	 the	 isostructural	 material	
CeRhIn5,	where	heavy	f-quasiparticles	are	expected	to	be	absent	from	the	Fermi	surface	at	20	K	
(32),	 show	 no	 temperature	 dependent	 scattering	 features	 in	 the	 same	 temperature	window	









a	 given	 temperature	 as	 the	 difference	 between	 the	 area	 under	 the	momentum	 scan	 at	 that	
temperature	and	at	200	K.	Comparison	to	the	temperature	dependence	of	the	f-weight	from	STM	






procedure	 proposed	 in	 Ref.	 (21-22),	 using	 experimentally	 obtained	 quasiparticle	 interference	
information	 rather	 than	 simulated	 data.	 The	 derived	 phenomenological	 picture	 relates	 the	
Fourier	transform	of	STM	conductance	maps,	g(q,ω),	to	the	RXS	intensity	(Eq.	1):	
𝐼"#$ 𝑞, 𝐸() = 𝑔 𝑞,𝜔′𝐸() − 𝜔/ − 𝐸) + 𝑖Γ) 𝑑𝜔′45 6,	
where	the	integral	runs	only	over	unoccupied	states,	while	Eh	and	Гh	refer	to	the	core-hole	energy	
and	broadening,	 respectively.	At	 the	resonant	condition	 (i.e.	Eph	=	Eh),	 this	 integral	effectively	
relates	IRXS	to	the	sum	of	g(q,ω)	inside	an	envelope	of	width	Гh,	which	is	typically	~	200	meV.		






only	up	 to	20	meV,	where	we	detect	 the	strongly	dispersing	 f-band,	which	 is	also	 the	energy	
window	where	the	tunneling	spectrum	exhibits	a	temperature	dependence	(Fig.	1B).	Extending	
the	integration	to	higher	energies	would	suppress	the	strength	of	the	signal	associated	with	the	
heavy	band	 relative	 to	 the	background	 intensity	of	g(q,ω)	 and	would	also	 introduce	 spurious	
contributions	from	bands	that	may	not	play	a	role	in	the	RXS	measurement.	
Secondly,	 it	 is	 important	 to	note	 that	 the	quasi-three-dimensional	nature	of	 the	band	
structure	of	CeCoIn5	is	not	accounted	for	in	Eq.	1.	Both	STM	and	RXS	techniques	are	sensitive	to	





















significance	 of	 band	 structure	 effects	 in	 RXS	 scattering	 measurements.	 The	 temperature-,	
material-	and	photon-energy-dependences	of	the	RXS	data	clearly	indicate	its	sensitivity	to	the	
formation	 of	 the	 Kondo	 lattice	 in	 the	 CeMIn5	 system.	 Our	 model	 calculations	 based	 on	 the	
experimental	data	show	that	the	strongly	dispersing	f-bands	can	give	rise	to	an	enhancement	of	
the	 RXS	 in	 a	 similar	 momentum	 range.	 These	 observations	 suggest	 that	 bulk	 quasiparticle	
interference,	 as	 proposed	 in	 Refs.	 (21-22),	 are	 responsible	 for	 the	 RXS	 signal	 in	 the	 present	
measurements.	 We	 should	 emphasize	 that	 whereas	 quasiparticle	 interference	 in	 STM	
conductance	 maps	 arises	 from	 native	 defects,	 atomic	 step	 edges	 and	 impurities,	 in	 RXS	
measurements	 it	may	 have	 an	 additional	 contribution.	When	 an	 X-ray	 photon	 excites	 a	 core	
















and	their	similarity	 to	 the	SI-STM	signal.	Nevertheless,	given	the	complexity	of	 the	RXS	cross-




emerged	as	 the	most	exciting	progress	 in	 the	study	of	high-temperature	superconductivity	 in	
cuprates	(5-20).	The	ubiquitous	nature	of	this	electronic	phenomenon	in	the	bulk	of	hole-	and	
electron-doped	 cuprates	 came	 from	 RXS	 experiments	 on	 (Y,Nd)Ba2Cu3Oy,	 Bi-2201,	 Bi-
2212,		HgBa2CuO4+δ	,	and	Nd2-xCexCuO4	(6-11).	These	measurements	reveal	an	incommensurate	
scattering	peak,	with	correlation	lengths	ranging	from	20	to	75	Å	depending	on	the	material	and	
doping.	Making	a	parallel	between	our	RXS	experiment	on	CeCoIn5	 to	 those	on	 the	cuprates,	
suggests	that	bulk	quasiparticle	interference	features	might	be	present	in	the	RXS	signal	of	the	





ordering	 phenomena.	 These	 results	 not	 only	 pave	 the	 way	 to	 future	 RXS	 experiments	 on	 f-
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as	 a	 result	 of	 hybridization	 below	 the	 T*	 coherence	 temperature	 of	 the	 Kondo	 lattice.	 (B)	
Temperature	dependence	of	the	averaged	tunneling	spectra	on	surface	B	of	pure	CeCoIn5	and	
CeRhIn5	(dashed	line).	Data	is	from	(32).	(C	and	D)	Real	space	conductance	map	near	the	Fermi	
energy	 on	 surface	 B	 of	 CeCo(In1-xCdx)5	 at	 x	 =	 0.15	 doping	 level,	 which	 show	 clear	 heavy-
quasiparticle	interference	waves	(Vbias	=	-	100	mV,	Isetpoint	=	1.6	nA).	(E	and	F)	Fourier	transforms	
of	 the	 real	 space	 conductance	maps	 at	 the	 corresponding	 energies,	which	 display	 dispersing	
peaks	in	the	[H,	H]	direction.	Red	dot	indicates	the	(0.4,	0.4)	point	in	the	reciprocal	space.	(G	and	
H)	Energy-momentum	cuts	of	the	Fourier	transforms	in	the	[H,	H]	direction	(dashed	line	on	E)	for	



























indicated	by	 green	dashed	 lines	 both	on	panel	 (A)	 and	 (B).	 (C)	 Experimentally	measured	RXS	
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The	 reported	STM	conductance	maps	were	acquired	on	a	475	Å	 x	475	Å	 (x	 =	0.15)	 and	on	a	














to	 taking	 the	 Fourier	 transformation,	 which	 allows	 us	 to	 directly	 compare	 the	 modulation	





















space	 determined	 by	 the	 sample	 (θsample)	 and	 detector	 angles	 (θdet).	 Therefore,	 it	 is	 more	
complicated	than	the	surface	investigated	by	STM.		Figure	S4	displays	the	L	dependence	of	the	
scattering	peak	on	the	top	axis	of	the	plot,	which	shows	that	the	broad	peak	exists	on	a	wide	
range	of	L.	More	 importantly,	 since	CeCoIn5	has	a	 three-dimensional	band-structure,	 the	 two	









relative	 sharpness,	 temperature-	and	doping-independence	 suggest	 that	 it	 is	 related	 to	 some	
kind	of	destructive	interference	in	the	scattering	process.	
